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ABSTRACT 
This dissertation reports a study of nonadiabatic (field-free) molecular alignment for linear 
molecules. The measurements were performed by measuring photoelectron ionization 
yields and white-light generation. In the first part of the dissertation, the dynamics of 
rotational wave packets of the molecules created by a linearly and/or circularly polarized 
pump pulse were measured by the electron photoionization yields that are produced by a 
delayed femtosecond probe beam. The photoelectron yields were measured as a function 
of the linearly polarized probe pulse delay for linearly and/or circularly polarized pump 
pulses, and revivals of the rotational wave packet were observed in N2, O2, CO2, CO, and 
C2H2 gases. The measured revival structures were compared to the quantum mechanically 
calculated time dependency of molecular alignment 2cos  parameter after the aligning 
(pump) pulse. The rotational constants of the molecules were also obtained by fitting the 
theoretically calculated alignment parameter to the measured data. The measured revival 
structures and rotational constants inferred from the measured data are in good agreement 
with the calculated results. The second part of the dissertation focuses on evolution of 
nonadibatic molecular alignment in nitrogen by measuring white-light generation. Again 
a linearly polarized pump pulse produced a molecular alignment which was measured via 
its nonlinear interaction effects by a variably delayed filament-producing probe pulse. The 
induced rotational wave packet was mapped as a function of the angular orientation 
difference between the polarization directions of the femtosecond pump and probe pulses. 
The experimental results from mapping rotational wave packets were compared with 
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quantum mechanically calculated time dependency of molecular alignment 2cos 
parameter after the pump pulse, which well reproduce all the major observed features.  
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NOMENCLATURE 
ATI above-threshold ionization 
l  angle between the molecular axis and polarization direction of 
linearly polarized light 
c  angle between the molecular axis and propagation direction of 
circularly polarized light 
Jˆ  angular momentum operator 
M   angular momentum quantum number’s projection onto the Z axis 
   anisotropic polarizability of a molecule 
P beam power  
0   central angular frequency of the laser 
critP   critical power of self-focusing 
2
,cos l c  degree of alignment of a single initial state 
,L C  effective polarizability of a molecule for linearly and circularly 
polarized light 
E   electric field 
E0 electric field amplitude 
e electron charge 
  electron density 
em   electron mass 
el   electronic wave function 
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E   energy 
Gg  Euler rotation angles for the lab fixed axis G and body fixed axis 
g 
 0 0J MJMd t  expansion coefficients determined by solving differential 
equations  for linearly or circularly polarized light 
0  field-free Hamiltonian 
FROG   frequency-resolved optical gating  
FWHM   full width half max  
GRENOUILLE grating-eliminated no-nonsense observation of ultrafast incident 
laser light e-fields 
  Hamiltonian 
HHG   high harmonic generation 
   induced dipole moment 
0J  initial rotational state 
I   intensity 
V  interaction potential of the electric field with the induced dipole 
moment of molecules 
pV  
interaction potential of the electric field with the permanent 
dipole moment of molecules 
pI  ionization potential 
P ionization probability 
   Keldysh parameter 
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0n   linear refractive index  
maxJ  maximum number of excited states 
MCP microchannel plate 
MPI multiphoton ionization 
,L CV  nonresonant dipole potential  
0J
g  nuclear spin factor 
ns  nuclear spin wave function 
OTBI over the barrier ionization 
0I   peak intensity 
0  permittivity in vacuum 
h   Planck’s constant 
  polarizability parallel to the molecular axis 
  polarizability perpendicular to the molecular axis 
Up ponderomotive potential 
0a  radius of the beam profile at the 1/e level of intensity  
  reduced Planck’s constant ( h /2π) 
  rotational constant  
J   rotational quantum number  
T rotational temperature 
rot  rotational wave function 
2n  second order refractive index 
sfL  self-focusing length 
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c   speed of light in vacuum 
 ,JMY    spherical harmonics 
2
,cos l c  
thermally averaged alignment expectation value 
, 'J J   time dependent phase factor associated with 2
,cos l c   
TI tunnel ionization 
vib  vibrational wave function 
   wavelength 
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 CHAPTER I  
INTRODUCTION 
 Background 
There have been a lot of interest and progress in the general understanding of the 
interaction of atoms and molecules with intense laser fields (e.g. reviews [1,2]). In modern 
Ti:sapphire laser systems in 2000s [3-5], femtosecond laser technology has allowed us to 
observe atomic motion in real time, achieve high harmonic generation, stimulate Raman 
scattering, as well as obtain the highly nonlinear response of atoms and molecules in strong 
fields [6,7]. Moreover femtosecond laser technology enables one to align molecules and 
follow their dynamics by using a pump-probe technique [8]. Studies on molecular 
alignment and orientation in molecules (see [9,10]) attract considerable interest due to a 
variety of applications such as controlling chemical reactions [11], producing a 
selectively-controlled alignment of isotopes [12], imaging of molecular structures [13-15], 
molecular-frame photoelectron angular distribution [16-18], molecular scattering [19], 
nanolithography with molecular beams [20], pulse compression [21], and quantum 
information processing [22]. Moreover, field-free molecular alignment results in a 
modification of the local optical refractive index, which has been used for controlling the 
propagation dynamics of weak beams and filaments [23-29]. 
Aligning creates a dynamically anisotropic medium evolving in time and changing 
the interaction with laser radiation, which was observed through ionization [30-32], 
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fragmentation [33-36] and high harmonic generation [13,14,37-44]. Some examples of 
field-free alignment studies with different detecting methods are presented following. 
By using Coulomb explosion measurement technique, Dooley et al. studied 
rotational wave packet evolution of nitrogen and oxygen molecules by using circularly 
polarized pulse and they measured two dimensional angular distributions of the wave 
packet via ion imaging detector [36]. Smeenk and Corkum studied rotational wave packet 
evolution of oxygen and benzene molecules with circular polarization to observe 
molecular alignment and created field-free alignment of planar benzene molecules in the 
polarization plane, a net alignment of linear oxygen molecules outside the polarization 
plane [45].  Xie et al. demonstrated fragmentation control of acetylene molecule by 
alignment. They used  the molecular alignment to control the yield of molecular 
fragmentations and accomplished channel selectivity for different fragmentation reactions 
of acetylene molecule [46].   
By using high harmonics of aligned nitrogen molecules, tomographic 
reconstruction of the highest occupied molecular orbital of nitrogen molecules was 
demonstrated [13]. Velotta et al. studied molecular orientation dependence of high-order 
harmonic generation and showed the enhancement of the harmonic intensity of the aligned 
CS2, hexane, and  N2 molecules [37]. McFarland et al. studying high harmonic generation 
of nitrogen molecules observed the first time the influence of electrons occupying the 
orbital highest occupied molecular orbital-1 which is just below of the highest occupied 
molecular orbital [44]. Abdurrouf and Faisal demonstrated analytical solutions and 
compared with the experimental results of aligned nitrogen and oxygen molecules in the 
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time-domain and in the frequency-domain using high harmonic generation [47]. In other 
studies, high-order harmonic generation of polyatomic molecules as acetylene and allene 
was used to show dependence of the harmonic yield on highest occupied molecular orbital 
symmetry [48], and quantum interference of aligned CO2 molecules was also obtained in 
high-order harmonic generation [14,39].  Miyazaki et al. also studied field-free molecular 
alignment of  N2, O2, and CO2 molecules using high-order harmonic generation [49].  
Fleischer et al. demonstrated isotope selective molecular alignment of 14N2 and 
15N2 molecules in a nitrogen gas mixture using four wave mixing to observe molecular 
alignment [12]. Berti et al. numerically studied nonadiabatic laser-induced molecular 
alignment on the propagation dynamics of a filament [50]. Schippers et al. measured 
photoacoustically alignment of the linear molecules namely O2, N2, CO2 and CO [51]. 
Lee et al. showed photoelectron spectra and angular distributions of partially 
aligned N2 , O2 , and CO molecules using low energy above threshold ionization (ATI) of 
these aligned molecules [52]. Hu et al. studied simulations of the photoelectron spectra 
displaying ATI peaks of the diatomic O2 molecule in case of molecular axis is 
perpendicular to the laser polarization [53]. Smeenk et al. studied photoelectron angular 
distributions of aligned N2, O2, and C6H6 molecules from tunnel ionization [54].  
Although, commonly the alignment was monitored by the detection of ion yields 
produced by the probe pulse, in the first part of study, we detected photoelectron from 
interactions with the probe pulse to directly monitor the alignment process. The dynamics 
of rotational wave packets in femtosecond laser driven photoelectron ionization yields 
were studied for laser aligned conjugated linear molecules (N2, O2 ,CO2 CO and C2H2). 
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The measured revival structures are compared to the calculated time dependency of 
molecular alignment 2cos  parameter after the pump pulse. The rotational constants 
of the molecules were also obtained by fitting the molecular alignment parameter to the 
time evolution of the measured photoelectron intensity. 
In the second part of the study we focus on evolution of nonadibatic molecular 
alignment in nitrogen by studying white-light generation. The induced rotational wave 
packet was mapped as a function of the angular orientation difference between the 
polarization directions of the femtosecond pump and probe pulses. By mapping the 
ultrafast rotational wave packet (quantum carpet) we demonstrated that the time-
dependent phase can be precisely controlled by adjusting the delay of the probe pulse with 
respect to the pump pulse. The experimental results from mapping rotational wave packets 
were compared with quantum mechanically calculated time dependency of molecular 
alignment 2cos  parameter after the pump pulse. The good agreement of experimental 
and simulation results provide a good basis to extend the experimental study to other gases 
and also have the prospect to be used for more complex systems, such as organic 
molecules.  
 Outline of the dissertation 
Chapter II: This chapter covers the theoretical basis of field-free molecular alignment, 
namely the quantum mechanical approach to describe the interaction of an intense 
ultrashort pulse with molecules resulting in distinct alignment characteristics.  
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Chapter III: This chapter gives detailed information about femtosecond laser 
systems and the pulse measurement techniques that we used. 
Chapter IV: In this chapter, starting with background information on the ionization 
processes, we described our experimental set-up used in this work. A detailed description 
and results are given on molecular alignment and rotational constants of N2, O2, CO2, CO, 
and C2H2 gases obtained with a linearly and/or circularly polarized pump pulse by 
measuring photoelectron ionization yields. 
Chapter V: This chapter describes the white-light generation and field-free 
alignment-induced change of the refractive index by a short Gaussian laser pulse in 
nitrogen gas. The experimental procedure of creating laser-induced rotational wave 
packets in nitrogen and mapping the induced rotational wave packets as a function of the 
angular difference between polarization directions of femtosecond pump and probe pulses 
are described in detail. 
Chapter VI: The chapter gives the summary and future perspectives of the research 
work carried out in the dissertation. 
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2 CHAPTER II 
THEORY 
 Introduction 
When a molecule is exposed to a strong laser pulse, this interaction creates an induced 
dipole moment due to the anisotropic polarizability of the molecule and the molecule tends 
to align with its most polarizable axis along the laser polarization direction [55]. Based on 
the comparison between laser pulse duration and rotational revival period of the molecule 
two different methods are distinguished for the alignment of the molecules called adiabatic 
alignment and field-free (nonadiabatic or impulsive) alignment. If the laser pulse duration 
is comparable with the rotational revival period of the molecule “adiabatic alignment” 
occurs. In this process, the laser field is turned on and off slowly in comparison to the 
molecular rotational period; the molecules are aligned in the presence of the laser field 
and then return to the their initial isotropic angular distributions once the laser pulse goes 
away. If the laser pulse is short (its duration is less than the characteristic molecular 
rotational time), the scenario is called “nonadiabatic (field-free or impulsive) alignment”.  
The molecules cannot adjust adiabatically to the laser pulse, so this process is called 
“nonadiabatic alignment”. In the nonadiabatic alignment, the short laser pulse creates a 
rotational wave packet (coherent superposition of the rotational states) in each molecule 
that will rephrase and dephase in time after the laser pulse has ended. The absence of the 
aligning laser field after the alignment prevents distortion of the molecular alignment 
caused by the field, so nonadiabatic alignment has advantageous in comparison with 
adiabatic alignment to observe molecular dynamics [56-58].  The intensity below the 
   7 
 
molecular ionization threshold to observe molecular alignment process is typically order 
of 1012 -1013 W/cm2.      
 Theory of nonadibatic molecular alignment 
When a linear molecule is subjected to a nonresonant electric field of linearly or circularly 
polarized light, the molecular axis is spatially confined to the electric field polarization 
vector. At this point, defining the Z axis is along the electric field polarization vector for 
linearly polarized light and parallel to the electric field propagation vector for circularly 
polarized light, alignment between the molecular axis and a space-fixed direction is 
determined by the expectation value of 
2
,cos l c   2 ,cos l c , where ,l c  is the angle 
between the molecular axis and the selected axis; l and c indices stand for  linearly and 
circularly polarized light, respectively. This scenario is illustrated in Figure 2.1 (a), where 
l is the angle between the molecular axis and a Z axis for alignment of a molecule by 
linearly polarized light and in Figure 2.1 (b) , where c is shown as the angle between 
molecular axis and the parallel axis to pulse propagation direction Z of the circularly 
polarized light.   
A linear molecule subjected to a nonresonant electric field of linearly or circularly 
polarized light is experienced a potential due to the interaction of the electric field of the 
laser and the molecule. The interaction potential  , ,L C l cV   for laser fields defined here as 
a subscript L and C for linearly and circularly polarized field, respectively, is given with 
the expression: 
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      , , , ,L C l c p l c l cV V V      (2.1) 
 
where  ,p l cV   and  ,l cV   are interaction potentials of the electric field with the 
permanent dipole moment of the molecule and the induced dipole moment of the 
molecule, respectively. In our case, oscillating electric field has the time period 2.66 fs at 
800nm. Oscillation period of the laser field is faster than the rotational period of the 
molecule (in ps scale), so the interaction potential due to the permanent dipole moment 
(a) 
Figure 2.1  The alignment of a diatomic molecule with (a) linearly and (b) 
circularly polarized light. We choose the Z axis parallel to the electric field 
vector (red) of linearly polarized light and parallel to the propagation direction 
(green) of the circularly polarized light, but perpendicular to the plane of the 
radiation (red). 
(b) 
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 ,p l cV   is averaged zero [59]. Then the only contribution left is interaction potential of 
the field with the induced dipole moment of the molecule.  
From now on, we examine the molecular alignment of linear molecules by linearly 
and circularly polarized electric field, and let’s consider these both of linearly and 
circularly polarized cases and give the theory behind them.  
2.2.1 Nonresonant dipole potential  ,L CV t  
The nonresonant dipole potential  ,L CV t  , for each polarization induced by an electric 
field  E t , is [60,61] 
 
    2, ,
1
2
L C L CV t E t   , (2.2) 
 
where 
,L C   is effective polarizabilities in case of the linearly and circularly polarized 
light. The alignment of the molecule is described in spherical coordinates and we 
determine a laboratory fixed Z axis for each of the linear and circular polarization. 
Conventionally, we choose Z axis parallel to the electric field vector of linearly polarized 
light and parallel to the propagation direction of the circularly polarized light. 
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The polarizability tensor of a linear molecule is given with the expression 
 
 
0 0
0 0
0 0
xx
yy
zz

 

 
 
  
 
 
  
 
where xx  is the static polarizability along the molecular axis x  due to an electric field 
applied along x  axis in the molecular frame. The induced dipole moment in the lab 
frame is 
 
 ˆˆ ˆμ ind ind indX Y Zi j k      . (2.3) 
 
Then only taking into consideration the dipole moment in the Z direction, the induced 
dipole moment can be expressed as 
 
 
ind ind ind ind
Z x Zx y Zy z Zz          , (2.4) 
 
where 
Gg are the Euler rotation angles for the lab fixed axis G and body fixed axis g. In 
the molecular frame, the induced dipole moment
ind
g gg gE  can be written in the 
equation (2.4) as 
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ind
Z xx x Zx yy y Zy zz z ZzE E E         . (2.5) 
 
The expression for the electric field along a molecular axis g due to the electric 
field along a lab fixed axis XYZ becomes 
 
 
g X Xg Y Yg Z ZgE E E E       . (2.6) 
 
For linearly polarized field, the field is only applied along the Z direction. The expression 
for the electric field reduces to
g Z ZgE E  . Then, the induced dipole moment defined as 
 
 
2 2 2ind
Z xx Z Zx yy Z Zy zz Z ZzE E E          . (2.7) 
 
For linear molecules, the polarizability components are 
xx yy    and zz  , where 
 and  are polarizabilities perpendicular and parallel to the molecular axis, 
respectively. Plugging this into the equation(2.7), the induced dipole moment expresses 
 
  2 2 2 .indZ Zx Zy Zz ZE           (2.8) 
 
By applying 2 1Zgg   , the expression for the induced dipole moment becomes 
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 2cosindZ l ZE        . (2.9) 
Finally, we obtain 
 
 2cosL l      , (2.10) 
 
where      is anisotropic polarizability of the molecule. Assuming complete 
alignment case between the molecular axis and the electric field, for a molecule in a 
linearly polarized laser field where 0l  ; the maximum effective polarizability is 
L  , whereas in the complete anti-alignment case where 90l  , the minimum 
effective polarizability is L  . 
The complete expression for the induced dipole potential of a linear molecule in 
a linearly polarized field along the Z axis is [62-64] 
 
    2 2
1
cos
2
L lV t E t        . (2.11) 
 
For circularly polarized light, the procedure is similar except the nonzero terms. 
The induced dipole moment is  
 
 ˆ ˆμ ind indX Yi j     (2.12) 
with 
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 
 
2 2 2
2 2 2
ind
X xx Xx yy Xy zz Xz X
ind
Y xx Yx yy Yy zz Yz Y
E
E
   
   
     
     
. (2.13) 
 
The lab frame effective polarizability with X YE E E   is  
 
    2 2 2 2 2 2
ind ind
X Y
Xx Xy Yx Yy Xz Yz
E
 
 

          (2.14) 
 
By using 2 1Zgg    and 
2 1GzG  [65], effective polarizability can be written as  
 
  2 2
1
1 cos sin
2
C c c           (2.15) 
 
For the complete alignment for the molecule in a circularly polarized laser field with
90c  ; the maximum effective polarizability is 
2
c
 
 

 , whereas for the complete 
anti-alignment where 0c  , the minimum effective polarizability is c  .   
The total expression due to circularly polarized light is [62-64,66] 
 
    2 2
1
cos .
4
C cV t E t           (2.16) 
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2.2.2 Solving TDSE of the system  
In order to understand the details of the molecular dynamics of a molecule in an intense 
laser field, one needs to solve time dependent Schrodinger equation  
(TDSE) [67]: 
 
      0 , ( )JM L C JMi t H V t t
t

   

 (2.17) 
 
where 
2
0 Jˆ  with the rotational constant   and the squared the angular momentum 
operator 
2Jˆ , is the field-free Hamiltonian of the molecule and  ,L CV t is the potential 
experienced by the molecule in the presence of an electric field which is called pump pulse 
and defined here as a subscript L and C for linearly and circularly polarized field, 
respectively. Quantum mechanically, in the absence of an electric field, simply a molecule 
is described as a rigid rotor and the solutions of the rigid rotor equation are spherical 
harmonics  ,JMY   , where J and M are the quantum numbers stand for the angular 
momentum quantum number and its projection onto the Z axis, respectively.   
By using eqs. (2.11) and (2.16), Hamiltonian takes form [68]: 
 
 
 
 
 
2
2 2
2 2
ˆ( ) cos
2
ˆ ( ) ( ) cos
E t
H t BJ
B J t t
  
  


   
   
 
  (2.18) 
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for linearly polarized light, and  
 
 
 
 
 
2
2 2
2 2
ˆ( ) cos
4
ˆ ( ) ( ) ( )cos
c
c c c
E t
H t BJ
B J t t t
   
   


   
    
 
  (2.19) 
 
for circularly polarized light with dimensionless interaction parameters,
   2 2t E t B  ,  2( ) 2t E t B   , ( )t     ,    
2
, , 4
c t E t B   , 
and  2( ) 4c t E t B         [69,70]. 
The rotational wave function  t  can be expressed as a superposition of 
rotational states of the molecule JM  with eigen energy  1
i
J iE B J J    [71]. By 
considering an initial state  
0 0J M
t , the rotational wave function can be written as 
superposition of rotational wave packets [67,72], 
 
    0 0
0 0
exp
J M J
J M JM
JM
E t
t d t i JM
 
   
 
  , (2.20) 
 
where  0 0J MJMd t are the  expansion coefficients determined by solving differential 
equations  for linearly polarized light [70] as 
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      
   
 
0 0 0 0
0 0
2
'2 ' '
' '
' '
ˆ
cos exp
J M J M
JM JM
J M J J
J M l
J M
i d t d t JM J t JM
B
i E E t
d t JM t J M

 

  
 
   
 

  (2.21) 
 
and for circularly polarized light, 
 
        
   
 
0 0 0 0
0 0
2
'2 ' '
' '
' '
ˆ
cos exp
J M J M c c
JM JM
J M J Jc
J M c
J M
i d t d t JM J t t JM
B
i E E t
d t JM t J M
 
 

   
 
   
 

 .
 (2.22) 
 
The constant term in the Hamiltonian can be dropped for convenience due to not providing 
any torque.  Then taking into account of the only term left which is angular dependent, the 
solution can be written as the superposition of the rotational states JM  by the selection 
rules  0, 2J    (with the same parity, even or odd) and 0M  [70]. The expression 
for the linearly polarized light is given by [70,73,74] 
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        
     
      
0 0 0 0
0
0 0 0 0
0 0
0 0
0
2
2, 0 0 2
2
, 0 0
2
2, 0 0 2
, cos 2, exp
cos ( ( 1) ( ))
, cos 2, exp
J M J M
JM J M l J J
J M J M
J M l JM
J M
J M l J J
i d t d t t J M J M i E E t
B
d t t JM JM d t J J t
d t t J M J M i E E t
 
  
 
 

 
      
    
    
 
 (2.23) 
 
and for circularly polarized light 
 
        
     
      
0 0 0 0
0
0 0 0 0
0 0
0 0
0
2
2, 0 0 2
2
, 0 0
2
2, 0 0 2
, cos 2, exp
cos ( ( 1) ( ) ( ))
, cos 2, exp
J M J M c
JM J M c J J
J M J Mc c c
J M c JM
J M c
J M c J J
i d t d t t J M J M i E E t
B
d t t JM JM d t J J t t
d t t J M J M i E E t
 
   
 
 

 
      
     
    
 .
 (2.24) 
 
The matrix elements are the same for linearly and circularly polarized light [75,76] as 
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   
  
 
  
     
  
2 2 2 2
0 0
2
0 0
2
02
0 0
2 22 2
0 0
2
0 0
11
, cos 2,
2 1 2 3 2 1
1 31 2
cos
3 3 2 1 2 3
1 21
, cos 2,
2 3 2 1 2 5
J M J M
J M J M
J J J
J J M
JM JM
J J
J M J M
J M J M
J J J



  
 
  
  
   
  
   
 
  
 . (2.25) 
 
2.2.3 Degree of molecular alignment 
The degree of molecular alignment is characterized by the expectation value of 
2
,cos l c   
 2 ,cos l c [59] . For a linear molecule with the initial state  0 0J M  and the eigenvalue 
 1JE BJ J   , 
2
,cos l c  can be written as 
 
     
      
 
      
0 0 0 0
0 0
0 0 0 0
0 0
0 0
0
0 0 0 0
0 0
2 2
, ,
* 2
2, , 0 , 0
2
2
0 , 0
* 2
2, 0 , 0
cos cos
, cos 2, exp 4 2
cos
, cos 2, exp 4 6
l c J M l c J MJ M
J M J M
J M J M l c
J
J M
JM l c
J
J M J M
J M JM l c
J
t t t
d t d t J M J M iB J t
d t JM JM
d t d t J M J M iB J t
 





  
   

   



 
. (2.26) 
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Equation (2.26) can be reorganized in a symmetric form by shifting 2J J  in 
the first term, 
 
        
 
      
max
0 0 0 0
0 0
0 0
0 0
0
max
0 0 0 0
0 0
*2 2
, 2, 0 , 0
2
2
2
0 , 0
* 2
2, 0 , 0
0
cos , cos 2, exp 4 6
cos
, cos 2, exp 4 6
J
J M J M
l c J M JM l cJ M
J
J M
JM l c
J
J
J M J M
J M JM l c
J
t d t d t J M J M iB J t
d t JM JM
d t d t J M J M iB J t
 






   

   



 
 (2.27) 
 
where maxJ stand for the maximum number of excited states.  
2.2.3.1 Rotational temperature 
The rotational temperature of the molecules is critical in determining the amount of 
alignment observed. When we consider an ensemble of molecules before the interaction 
with the linearly polarized laser pulse, assuming the gas ensemble is in thermal 
equilibrium initially we can define the expectation value of the alignment degree by 
Boltzmann distribution. Boltzmann distribution of the ensemble whose initial rotational 
states 0 0J M  with 0 0,1,2,...J   and    0 0 0 01 ,...,0, 1 ,M J J J J      is 
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   0
0 0
2 1 exp
J
J
E
P J
kT
 
  
 
  (2.28) 
 
where 
0J
E accounts for the rotational energy of the state 0 0J M . In the Boltzmann 
distribution, the term  02 1J   comes from the degeneracy for each initial rotational state
0J .  
If we consider a molecule with two identical nuclei, the additional factor
0J
g
originating from the nuclear spin statistics appears in the Boltzmann distribution [77,78] 
and  this factor determines relative weight between even and odd rotational states.  
Equation (2.28) is written with this additional factor as 
 
   0
0 0 0
2 1 exp
J
J J
E
P g J
kT
 
  
 
 . (2.29) 
 
Finally, the degree of alignment of an ensemble at a rotational temperature T in thermal 
equilibrium can be written by averaging the degree of alignment of a single rotational state 
Eq. (2.27) over the Boltzmann distribution  
 
  
    
  
max 0
0
0 0
0 0 0
max 0
0
0 0 0
2
, 0 0
2
,
0 0
cos exp 1
cos
exp 1
J J
J l c J M
J M J
l c J J
J
J M J
g t BJ J kT
t
g BJ J kT




 

 
 
 
  (2.30) 
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where  
0 0
2
,cos l c J M
t  is the degree of alignment of a single initial state. 
The degree of alignment increases when the temperature decreases and vice versa 
as seen in Figure 2.2. The J population is dependent on the laser intensity as seen in a 
previous calculation [79], so we calculated time dependence of the alignment factor of N
2
 
at room temperature for different intensities as seen in Figure 2.3. For the peak intensity 
of 2x1013W/cm2, which we used in our alignment experiments for nitrogen molecule, time 
dependence of the alignment factor of N
2
 at room temperature are shown in Figure 2.4 for 
maximum excited rotational states Jmax.  
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Figure 2.2 Calculated molecular dynamic of N2 as a function of initial temperatures. 
The peak intensity of laser field is 2x1013W/cm2. 
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Figure 2.3 Time dependence of the alignment factor of N
2
 at room temperature 
for different intensities at initial room temperature 
I 3 /c  
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2.2.3.2 Nuclear spin effect 
For complete description, the influence of nuclear spin of atoms constituting the molecule 
must be taken into account. In heteronuclear diatomic molecules interchange of nuclei 
under symmetry operation did not apply because molecule is asymmetrical.  
A total wave function of a molecule tot can be factorized as 
tot el vib rot ns        ,  where el  electronic wave function, vib  vibrational wave 
function, rot  rotational wave function, and ns  nuclear spin wave function of the 
molecule. A homonuclear diatomic  molecule has a center of symmetry and the total wave 
function tot  should be symmetric with respect to exchange of nuclei if nuclear spin, I is 
0 1 2 3 4 5 6 7 8 9
x 10
-12
0
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0.2
0.3
0.4
delay time [s]
<
<
c
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>
>
max 30J 
max 20J 
max 15J 
max 10J 
Figure 2.4 Calculated results for time dependence of the alignment factor of N
2
 molecules 
at room temperature for different maximum excited rotational states Jmax. The peak intensity 
of laser field is 2x1013W/cm2 with 50fs, and the initial temperature is 300K. 
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integral or zero (bosonic), and antisymmetric with respect to exchange of nuclei if nuclear 
spin, I is half-integral (fermionic). In the Eq. (2.30) the additional factor
0J
g  appearing in 
the Boltzmann distribution that comes from the nuclear spin statistics as follow:  
For gerade electronic states, bosonic nuclei have: 
 
 
  
  
0
2 1 1  if  is even
2 1  if  is odd
Jg I I J
I I J
  
 
  (2.31) 
 
and fermionic nuclei have: 
 
 
 
  
0
2 1  if  is even
2 1 1  if  is odd
Jg I I J
I I J
 
  
  (2.32) 
 
The ratio of odd to even states is reversed for ungerade electronic states. Here,  I is the 
nuclear spin of indistinguishable nuclei exchanged during rotation [78]. Figure 2.5 shows 
an example of time dependence of the alignment factor of N
2
 molecules at room 
temperature for odd rotational states only, even rotational states only, and 1:2 mixture of 
odd:even rotational states.  
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2.2.4 Revival structures 
Recall the time dependence of the observable of molecular alignment 2 ,cos l c  based 
on the rotational wave packet evolution in time (Eq. (2.20)). The energy of linear 
molecules are given with the expression ( 1)JE hBcJ J  . The rotational energies are 
quantized, so the rotational wave packet periodically reproduces itself when the oscillating 
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Figure 2.5 Calculation results for time dependence of the alignment factor of N
2
 
molecules at room temperature for: (a) odd rotational states only, (b) even rotational 
states only, and (c) 1:2 mixture of odd:even rotational states. The laser parameters 
and the initial temperature are similar with Fig. 2.4. 
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terms collect a phase over a period of time at the integer multiples of 2 ,  which is at the 
integer multiples of  1 2revT Bc and called “rotational revival time”. Thus, the wave 
function is periodic    revt t T   and corresponding observable of the molecular 
alignment 2
,cos l c considered in our interest here is also periodic. Figure 2.6 shows 
nonadiabatic alignment for five linear molecules with different nuclear statistics. One can 
also see that for the terms with 2J J  , the time dependent phase factor associated with 
2
,cos l c  as 
 
   , 2 exp 4 6J J i n J       (2.33) 
 
where the time n   is given in units of  1 2revT Bc . At integer revivals, n    0, 1, 2, …, 
the phase term 
, 2 1J J    for all the J quantum numbers. At half revival 1 2n   the phase 
terms are   shifted for all of the J’s, resulting in the phase term 
, 2 1J J    , and thus 
overall distribution has  the same magnitude but peaking in the negative direction. At 
quarter revivals, since the phase term 
, 2J J   depends on the even or odd parity of J state, 
the situation requires more analysis. At 1 4n   while the phase term 
, 2J J i    for even J 
states,  
, 2J J i     for odd J states. The even and odd states contribute to the signal, 
however their phases are shifted by , and therefore they interfere destructively. 
Moreover, the time-dependent signal at integer revivals is phase-shifted by 2  with 
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regarding to the signal observed at half revivals. At three-quarters revivals the phases are 
shifted by 2  with regarding to the quarter revival. Their peak amplitudes depend on 
nuclear spin statistics as we described in section 2.2.3.2. The time-dependent alignment 
signal due to even and odd parity at the quarter and the three-quarter revival times will be 
also discussed in the analysis of our experimental data in terms of nuclear spin statistics.  
It is important to note that the alignment degree is sensitive to molecular properties (i.e. 
rotational constant B and nuclear statistics
0J
g ), pulse parameters (peak intensity I and 
pulse duration τ), and initial ensemble temperature (T). 
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Figure 2.6 Dynamics of the alignment of N2, O2, CO2, C2H2 and CO molecules with an 
initial temperature 300 K. We use a linearly polarized laser pulse with peak intensity of 
2 × 1013 W/cm2 for N2, O2, and CO, 0.9 × 10
13 W/cm2 for CO2, and 1 × 10
13 W/cm2 for 
C2H2 with FWHM 50 fs. 
 
1 period 
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3 CHAPTER III 
GENERAL DESCRIPTION OF RESEARCH INSTRUMENTATION 
 
The main focus of this chapter is on the laser system and the pulse measurement techniques 
used in measurements. 
 Laser systems  
Our laser system includes four interrelated lasers. We labelled them by the manufacturer 
as Millenia V, Kapteyn-Murnane (KM oscillator), Evolution laser and Spitfire 
(regenerative amplifier). 
3.1.1 Millenia V 
The Millennia V is a solid-state, high power, continuous wave (CW) laser that supplies 
more than 5 W of green 532 nm output, which is obtained by intracavity doubling the 
frequency of a diode pumped Nd:YAG laser. The frequency doubling is done by a 
temperature tuned lithium triborate (LBO) crystal. In our system, Millennia V is used to 
pump the femtosecond Kapteyn-Murnane (KM) oscillator at a continuous optical power 
of ~4.4 W at 532 nm wavelength. 
3.1.2 Kapteyn-Murnane (KM) oscillator 
KM is a mode-locked Ti:Sapphire femtosecond oscillator pumped by Millennia V. To 
achieve the Kerr lens effect, concave mirrors are used which form the telescope with the 
crystal in the focal plane. In Figure 3.1, Ti:Sapphire femtosecond oscillator is shown, 
where M1, M2, M3, M4, M5 are the cavity mirrors, and M3 is also the output mirror. The 
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group velocity dispersion experienced by the laser pulse traveling inside the crystal is 
compensated by a pair of prisms P1 and P2. The output of the oscillator is a train of pulses 
emitted in the spectral range from 780 nm to 830 nm; the pulse duration is about 35 fs, the 
repetition rate is close to 80 MHz, the energy ~5 nJ/pulse and the average power is about 
400 mW. 
 
3.1.3 Evolution 15 
Evolution is a Q‐switched Nd:YAG laser (Spectra Physics, Merlin) at a repetition rate 1 
kHz, output power 10 W at 532 nm wavelength with ~10 ns pulse duration. The gain 
Figure 3.1 The outline of the Ti:sapphire femtosecond oscillator (KM oscillator). M1, 
M2, M3, M4, M5 are the cavity mirrors, where M3 is at the same time the output 
coupler. The group velocity dispersion experienced by the laser pulse traveling inside 
the crystal is compensated by a pair of prisms P1 and P2. 
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medium and pump lasers are enclosed inside the laser head and co‐located in a directly 
water cooled resonant cavity. The Evolution is used to pump the spitfire. 
3.1.4 Spitfire (regenerative amplifier) 
The regenerative amplifier technique is used to amplify femtosecond pulses. In our system 
(Figure 3.2) [80] it is used to amplify seed pulses (KM Oscillator) that follow with a 
repetition rate around 80 MHz. The amplifier is pumped by the Evolution laser that has a 
repetition rate of 1 kHz. Thus, only a small part of the pulses from the oscillator is 
amplified. The seed pulse is inside the laser cavity when the pump pulse passes through 
the crystal. When the gain is saturated, the amplified pulses are let out of the cavity. For 
this reason a fast optical switch that has a response time in the nanosecond range is 
required.  
 
 
Figure 3.2 Schematic of regenerative cavity 
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Our Spitfire contains three main parts: stretcher, regenerative cavity and 
compressor. First, the seed pulses are expanded in the stretcher. A photodiode that is 
placed behind one of the cavity mirrors helps to monitor the trace of the femtosecond 
pulses on the oscilloscope. The Pockels cell changes the refractive index of the material 
under the applied electric field and consequently the polarization, so that an amplified 
linearly polarized pulse is let out of the cavity. The output of the amplifier is a train of the 
pulses having average power ~900 mW, repetition rate 1 kHz, pulse energy 0.9 mJ and 
pulse duration 50 fs. Figure 3.3 depicts the layout of the laser system.  
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Figure 3.3 The outline of the laser system: Ti:sapphire femtosecond oscillator (KM 
oscillator) is pumped by a CW optical power of 4.5 W at 532 nm wavelength from 
Millenia V. Seed femtosecond pulses (800 nm, 35 fs, 80 MHz, 400 mW) are amplified 
by Ti:Sapphire regenerative amplifier (including stretcher, regenerative cavity, and the 
compressor), which is pumped by a Q-switched Nd:YAG laser (10 W at 532 nm, 10 ns, 
1 kHz). 
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 Pulse measurement 
3.2.1 Frequency Resolved Optical Gating (FROG) – GRENOUILLE 
Frequency resolved optical gating (FROG) helps researchers characterize the pulses in the 
temporal domain. FROG has the ability to measure femtosecond pulse’s spectral intensity 
vs. time. The FROG setup is shown in Figure 3.4; it consists of an auto-correlation unit 
and a spectrometer. For autocorrelation the laser pulse is split into two replicas, with one 
delayed with respect to the other; then both are focused and recombined on a nonlinear 
Second Harmonic Generation (SHG) crystal. The SHG crystal produces twice the 
frequency of the input laser, and the spectrometer determines the shape and the phase of 
Figure 3.4 (a) Optical scheme of the SHG FROG. (b) GRENOUILLE is the simplest 
version of the FROG. 
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the laser pulse. The described FROG update is called GRENOUILLE by Trebino et al. 
[81,82]. In this device the beam splitter, delay line and beam combining optics is replaced 
with a Fresnel biprism and a thick SHG crystal. Thus, GRENOUILLE is a combination of 
two cylindrical lenses, Fresnel biprism, and a SHG crystal. The first lens focuses the beam 
into the SHG crystal, the Fresnel biprism splits the beam, and delays one pulse relative to 
the other, and the second lens focuses the beam onto a CCD camera. In Figure 3.5 we 
show the results of the measurements with the Grenouille (8-20, Swamp Optics). 
 
Figure 3.5 (a) Images of femtosecond pulse taken from 
GRENOUILLE. (a) Compressed pulse at 52 fs. (b) Stretched at 81 fs. 
(c, d) Retrieved images are from compressed pulse and the stretched 
pulse, respectively. 
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4 CHAPTER IV 
NONADIABATIC MOLECULAR ALIGNMENT VIA PHOTOELECTRON 
IONIZATION YIELDS 
 
This section describes an experiment based on study of the rotational wave packet 
evolution of linear molecules (N2, O2, CO2, CO, and C2H2) aligned by linearly and 
circularly polarized femtosecond laser pump pulses with detection of electron 
photoionization yields produced by a variably delayed probe pulse. Initially, we start with 
background information of ionization processes. Then, we describe our experimental set-
up used in the work to create field-free molecular alignment by linearly and circularly 
polarized femtosecond laser pump pulses and to measure rotational wave packets by the 
electron photoionization yields produced by a delayed femtosecond probe beam. The 
detailed experimental results are compared with quantum mechanical calculations and also 
molecular rotational constants induced with a linearly polarized pump pulse are obtained 
by fitting experimental data to the calculated results. 
 Introduction 
Femtosecond laser technology allows aligning molecules and observing  the molecular 
dynamics by using  pump-probe technique [8].  Aligning creates a dynamically anisotropic 
medium evolving in time and changing the interaction with it of laser radiation, which was 
observed commonly through ionization, fragmentation, and high harmonic generation.  In 
this paper, based on the detection of photoelectron yields in the interaction with the probe 
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pulse to monitor the alignment process, we measured the impulsively induced rotational 
wave packet evolution of linear molecules namely N2, O2, CO2, CO, and C2H2 by 
measuring yields of photoionized electrons produced by a variably delayed probe pulse.  
The alignment process was simulated based on the theoretical approach of Ref [70]. By 
fitting the model to the experimental data we determined the values of the molecular 
rotational constants, which are in good agreement with the known literature values.  
 Atomic ionization processes 
An atom subjected to an intense laser field which has intensity I >1013 W/cm2, different 
types of ionization mechanisms are observed depending on the laser intensity, ionization 
potential of an atom. These ionization processes are called Multiphoton ionization (MPI), 
Above Threshold Ionization (ATI), Tunnel Ionization (TI), and Over the Barrier 
Ionization (OTBI) [83]. Laser technology allows the absorption rate of a new photon is 
much faster than the decay rate, so ionization comes up as a possible situation for an 
electron by absorbing n photons through transitions from virtual states to exceed ionization 
potential  pn I    and reach to the continuum. This process is called as Multiphoton 
Ionization (MPI) (see Figure 4.1(a)) and observed at the intensities I >1013 W/cm2. 
Probability of absorbing n photons (ionization probability) is proportional to the laser 
intensity 
nP I  according to the perturbation theory below the intensities 1014 W/cm2. 
At the intensities 1410I   W/cm2 a bound electron can be ionized by absorbing 
more photons than the minimum number n required for ionization. In this process, the 
resulted photoelectron spectrum shows a series of peaks each separated from the other by 
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one photon energy indicating that the released electron has more energy than the normal 
ionization case which require minimum number n photon for ionization of an electron. 
This significantly nonlinear process is called above-threshold ionization (ATI) and is 
represented in Figure 4.1(b). Ionization probability for above threshold ionization is 
proportional to the laser intensity n sP I  , where n is the minimum number of photon 
absorbed and s is additional number of photon absorbed. 
 
 
 
Figure 4.1  Atomic ionization processes: (a) Multiphoton Ionization, 
(b) Above Threshold Ionization, (c) Tunnel Ionization, (d) Over the 
Barrier Ionization 
OTBI 
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At the higher intensities more than I >1014  W/cm2, the perturbation theory is not 
valid anymore due to the distortion of the Coulomb potential by the electric field potential 
of the laser. In this situation, while one side of the Coulomb barrier is raised by strong 
field the other side of the barrier is lowered. If the tunneling time is less than the half of a 
period of the field, the electron can tunnel out through the Coulomb potential barrier and 
escape from an atom or a molecule before the electric field of the laser reverses its 
direction.  This scenario is known as Tunnel Ionization (TI) (see Figure 4.1(c)). At this 
point, to distinguish the process between Multiphoton Ionization and Tunnel Ionization 
one introduce as a well-known quantity the Keldyish parameter    which is defined as 
[84]: 
 
 
2
p
p
I
U
    (4.1) 
 
 
where Ip is the ionization potential of an atom and Up is the ponderomotive potential which 
is known as the cycle-averaged quiver energy (or time averaged kinetic energy) of a free 
electron subjected to an electromagnetic field. The ponderomotive energy is given with 
the expression [83] below 
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where E0 is the amplitude of the electric field,  is the angular frequency of the laser, e is 
the charge of the electron and me is the mass of the electron. If  ≫ 1 Multiphoton 
Ionization,  ≪ 1 Tunnel ionization becomes dominant process.  
When the laser intensity reaches to the higher values I >1015 W/cm2, the Coulomb 
potential barrier is lowered by the laser field so that electron is no longer bound and 
reaches to the continuum. This ionization process is called Over the Barrier ionization 
(OTBI) and is schematized in Figure 4.1(d).  
Similar to an atom, a molecule placed in an intense laser field can be ionized 
through these ionization processes. In the molecular case, ionization strongly depends on 
the molecular properties such as molecular symmetry and orientation of the molecular axis 
with respect to the laser polarization. The molecules investigated were N2, O2, CO2, CO, 
and C2H2 and the properties of the molecules are summarized in Table 1. 
Table 1 Relevant parameters for the molecules investigated in the experiment 
Molecule  Trev(ps) Ip(eV) HOMO symmetry 
 N2 8.4 15.6 σg 
 O2 11.6 12.7 g 
 CO2 42.7 13.8 g 
 CO 8.64 14.01 σ 
 C2H2  14.2 12.9 u 
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 Experimental procedure 
For the measurement of the temporal dependence of the alignment effect, the total 
photoelectron yield of a gas as a function of the probe pulse delay relative to the linearly 
polarized and/or circularly polarized pump pulse was measured. We observed the revival 
structures of the linear molecules N2, O2, CO2, CO, and C2H2 in the field-free condition 
by using a series of pump-probe experiment. The pump-probe setup based on the above 
threshold ionization (ATI) apparatus is depicted in Figure 4.3 (see also an image of ATI 
apparatus in Figure 4.2). The apparatus consists of a shaped vacuum chamber with a 
Pfeiffer Vacuum (TMU 521) turbo molecular pump and Leybold Vacuum IONIVAC (ITR 
200 S) ion gauge to maintain and monitor the vacuum pressure, respectively. The vacuum 
chamber was filled with one of the gases (N2, O2, CO2, CO, or C2H2 from Matheson 
TRIGAS, with purities of 99.9995%, 99.997%, 99.99%, 99.9%, 99.6%, respectively) 
through a fine adjustable leak valve which allows the introduction of the gas at desired 
pressure for a given vacuum pumping rate. The pressure of the vacuum chamber was 
adjusted to 6×10-6 mbar and was about three orders of magnitude higher than the 
background pressure in the ionization chamber.  
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The initial horizontally polarized light (with pulse duration of ~50fs, central 
wavelength of 800 nm, and output energy of ~1 mJ  per pulse at a 1 kHz repetition rate) 
was split by a beam-splitter into two beams as pump and probe pulses with about equal 
intensities. Since we did sets of experiment with linearly and circularly polarized pump 
pulses, we placed a half-wave plate into the pump arm for assuring the proper linear 
polarization and quarter wave plate for circular polarization of the pump pulse (Figure 
4.4). We also used a polarizer for adjusting the intensity of pump beams. Experimentally, 
the nature of the signal of aligned molecules depends on the time delay between 
linearly/circularly polarized pump and linearly polarized probe laser pulses, so the time 
Figure 4.2. Experimental apparatus.  
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delay between the pump and probe pulses was precisely adjusted by using an optical 
variable time delay with a translational stage controlled by a stepping motor (Newport, 
Model 301), which provided the high resolution of ~1/3 fs. Another beam-splitter was 
used to recombine the two beams. The laser beams were focused by a 20cm achromatic 
lens into the vacuum chamber through CVI Melles Griot (W2-PW1-2012-UV-670-1064-
0) window. While the pump pulse created rotational wave packets, the probe pulse with 
an adjustable time delay with respect to the pump pulse ionized the electrons of molecules 
in the focus. The temporal compression of the laser pulses in the focus was achieved by 
maximizing the integrated photoelectron yield while adjusting the grating compressor in 
the laser amplifier.  In the experiment, we kept the probe beam horizontally polarized with 
the field along the axis connecting the centers of the Del Mar Photonics (MCP-MA34/2) 
microchannel plate detectors. The ionized electrons ejected along the polarization of the 
probe laser field were detected by the MCP detectors. The electrons traveled within a μ-
metal TOF tube in a field-free region. The photoionized electrons from the entire focal 
volume with small slits were measured at the detector. The signals from the MCP detectors 
were amplified by ZKL-2 Mini-Circuits preamplifier. A FAST ComTech MCS6 multiple-
event time digitizer with 100 ps time resolution was used for data acquisition by using two 
channels namely start and stop.  Start signal was obtained by a photodiode (PD) placed at 
the behind one of the mirrors on the pump beam and used for triggering FAST ComTec 
MCS6 multiscaler (MS) PCI counting card. Stop signal was received through ZKL-2 
Mini-Circuits preamplifier which amplified signals come from the MCP detectors. 
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The total number of counts depending on the pump-probe delay formed the output 
signal that was measured. A power meter, Ophir Nova II, was placed at the exit window 
of the ATI chamber to monitor the laser power during the experiment. 
Figure 4.3. Experimental setup. BS: beam-splitters, TS: translational stage, WP: 
wave plates (  wave plate for linearly polarized pump beam and  wave 
plate for circularly polarized pump beam as seen in the inset of Fig. 4.4 (a) and 
(b)), M: flat mirrors, L: achromatic focusing lens, PM: power meter, MCP: 
microchannel plates. 
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The steps of the experiment were automated by using National Instruments data 
acquisition card ((NI) DAQ PCI-MIO-16E-4) and Labview 8.5 program for controlling 
experiment and recording data. The devices automated by Labview program were 
Newport ESP301 (TS), New Focus Pico driver and rotator, OPHIR NOVA II (PM), FAST 
ComTec MCS6 multiscaler (MS). 
 
 Results and discussion 
In this section we will present experimental results for N2, O2, CO2, CO, and C2H2 gases 
and observed revivals for each gas, followed by interpretation of the observed signals for 
linearly and circularly polarized pulses. For this interpretation we will consider the total 
wave function of the linear molecule, which according to the Born-Oppenheimer 
approximation can be factorized tot el vib rot ns         , as a product of the electronic 
wave function el , the vibrational wave function vib , the rotational wave function rot
 , 
Figure 4.4 Linearly (a) and circularly (b) alignment. 
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and the nuclear spin wave function
 ns
 . We present our experimental results with 
comparison of the calculated  2 ,cos l c t  alignment parameter as we calculated in 
Chapter II depending on our laser parameters and molecular properties. 
4.4.1 Molecular alignment by linearly polarized pump pulses 
As shown in Figure 4.5, the measured wave packet revival structures and the calculated 
alignment degree are presented for N2 molecules aligned by linearly polarized pump pulse. 
According to the nuclear spin statistics of 14N2, the total wave function  is symmetric. 
The linear molecule is in linearly polarized nonresonant electric field oscillating with an 
optical frequency, so the electronic wave function of 14N, el
3( )
g

 , and the vibrational 
wave function, vib   correspond to the ground state, and both are symmetric [12,85]. 
Therefore, to understand rot  behavior, we should consider symmetric and antisymmetric 
forms of nuclear spin wave function ns  of 
14N2. For tot  to be symmetric both rot  and 
ns must be symmetric or antisymmetric. The nuclear spin of 
14N is I=1 and the total 
nuclear spin of the molecule can take only values Itot=0, 1, or 2, and consequently N2 has 
even (Itot=0, 2) and odd (Itot =1) values. For a state with total nuclear spin Itot the 
degeneracy is 2 Itot +1 and then the statistical weights of even-N2 and odd-N2 are 6 and 3, 
respectively. Thus, the relative ratio of even-N2 versus odd-N2 is 2:1 [36]. Due to this ratio 
2:1 for even/odd states, the two opposed quarter revival signals do not cancel completely 
each other, however, the signal has a reduced amplitude in comparison to the signal at the 
full and half revival times, as is observed in the experiment (Figure 4.5).   
 
Y
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In Figure 4.6 we show the corresponding frequency spectrum of the time-
dependent molecular alignment signal obtained from the Fourier transform (FT) in the 
case of N2. The spectrum reveals two sequence as (6, 14, 22, 30, 38,…) Bc and (10, 18, 
26, 34, 42, …) Bc due to allowed Raman transitions with the selection rule ΔJ=±2 obtained 
from the matrix elements of 2cos  . The sequence of each peak calculated as 
 
 
2( ) / 2 (4 6) 6,14,22,30,38,46,54...for even 
10,18,26,34,42,50,58...for odd 
J JE E J Bc J
J
    

 . (4.3) 
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Figure 4.5   Molecular revivals of N2 with initial temperature 300K. We use 
linearly polarized pump and probe pulses with peak intensities of 2x1013 W/cm2 
and 7.8x1013 W/cm2, respectively. Red squares show experimental results and 
black circles depict calculated <<cos2>> parameter. 
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Recall that nuclear spin of nitrogen nucleus is 1 and both even and odd rotational 
states are permitted for nitrogen molecule. The relative ratio of even and odd states are 
found 2∶1 considering nuclear spin statistics we explained earlier. Thus, the ratio 2∶1 
between the signal amplitude of the peaks seen in the frequency spectrum corresponding 
with even and odd J states can be understood with the same ratio obtained from nuclear 
spin statistics [36,86].  
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Figure 4.6 Frequency spectrum of the time-dependent molecular alignment signal 
shown in Fig. 4.5 signal for N2. The number on each spectral peak shows the 
frequency in terms of 4J+6 which corresponds with allowed Raman transitions. 
The series (6, 14, 22, 30, 38, 46, 54, …) Bc  and (10, 18, 26, 34, 42, 50, 58, …) Bc 
come from even and odd values of J’s, respectively.  
50 
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As presented in Figure 4.7 for oxygen molecule, we have observed wave packet 
revival signatures at quarter revival, half revival, three quarter revival, and full revival for 
O2 molecules aligned by linearly polarized pump pulse, which agrees well with the 
calculated 2cos   alignment parameter. 16O is a boson so the total wave function tot  
is symmetric. The electronic wave function of 16O, el  
, and the vibrational wave function,  
vib again correspond to the ground state. The ground state 
3( )
g

  of  el  for 16O is 
antisymmetric [85], and therefore for tot  to be symmetric,  r o t  
and ns  must be 
Figure 4.7   Molecular revivals of O2 with initial temperature 300K. We use linearly 
polarized pump and probe pulses with peak intensities of 2x1013 W/cm2 and 8.1x1013 
W/cm2, respectively. Red squares show experimental results and black circles 
present calculated <<cos2>> parameter. 
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symmetric and antisymmetric or vice versa. For O2 molecule the nuclear spin I=0 and only 
odd rotational states (J) are populated [87], and consequently the relative abundance of 
molecules with odd and even J is 1:0. Therefore, only a wave packet with odd J exists, 
and strong effects of alignment and anti-alignment are observed at the first and the three- 
quarter revivals of O2 with the amplitude comparable to the full and half revival times, in 
agreement with the experiment (Figure 4.7).  
 
 
 
Figure 4.8 Frequency spectrum of the time-dependent molecular alignment signal shown in 
Fig. 4.7 signal for O2. The number on each spectral peak shows the frequency in terms of 
4J+6 which corresponds with allowed Raman transitions given by the series (10, 18, 26, 
34, 42, 50, 58, …) Bc for odd values of J. 
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In Figure 4.8, we show the corresponding frequency spectrum of the time-
dependent molecular alignment signal obtained from the Fourier transform (FT) for O2. 
The figure exhibits the experimental spectrum in prominent series as (10, 18, 26, 34, 42, 
…) Bc, since only odd J levels are permitted for O2 due to the nuclear spin statistics.  
 
Our experimental results for CO2 are shown in Figure 4.9, where we presented 
wave packet revival signatures at quarter revival, half revival, three quarter revival, and 
full revival. These observations are in good agreement with the calculated 2cos 
Figure 4.9  Molecular revivals of CO2 with initial temperature 300K. We use 
linearly polarized pump and probe pulses with peak intensities of 1x1013 W/cm2 
and 7.6x1013 W/cm2, respectively. Red squares show experimental results and 
black circles present <<cos2>> parameter. 
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parameter. 16O is a boson, so the total wave function tot  of CO2 is symmetric. The ground 
electronic wave function, 
el , and vibrational wave function, vib  
3( )
g

  are symmetric, 
so for tot  to be symmetric rot  and ns must be both symmetric or both antisymmetric. 
Two O atoms are identical, therefore the symmetric nature of the wave function demands 
that only even J states are populated [55,88]. Since only a wave packet with even J states 
exists, strong alignment signals are observed for carbondioxide molecule at 4revT   and 
3 4revT  revivals as seen in Figure 4.9. 
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We also presented the corresponding frequency spectrum of the time-dependent 
molecular alignment signal obtained from the Fourier transform (FT) for CO2. Only even 
J levels are permitted for CO2 by the nuclear spin statistics so Figure 4.10 exhibits the 
experimental spectrum with series (6, 14, 22, 30, 38, 46, 54, …) Bc .  
 
Figure 4.10 Frequency spectrum of the time-dependent molecular alignment 
signal shown in Fig. 4.9 signal for CO2. The number on each spectral peak 
shows the frequency in terms of 4J+6 which corresponds with allowed Raman 
transitions given by the series (6, 14, 22, 30, 38, 46, 54, …) Bc for even values 
of J's. 
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In the similar manner, one can conclude that acetylene C2H2 has both odd and even 
J states,  which are populated with the ratio of odd J-states to even J-states 3:1 [87]. As a 
result of this fact, even and odd wave packets partially cancel each other and some 
alignment and anti-alignment are observed at quarter revivals as seen in Figure 4.11. We 
can clearly see that the result of molecular revivals of C2H2 molecules at quarter revival, 
half revival, three-quarter revival, and full revival are in good agreement with the 
calculated 2cos   parameter. The corresponding frequency spectrum of the time-
dependent molecular alignment signal was obtained from the Fourier transform (FT) for 
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Figure 4.11  Molecular revivals of C2H2 with initial temperature 300K. We use 
linearly polarized pump and probe pulses with peak intensities of 3x1013 
W/cm2 and 7.6x1013 W/cm2, respectively. Red squares show experimental data 
and black circles present calculated <<cos2>> parameter.  
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C2H2 as seen in Figure 4.12 The number on each spectral peak shows the frequency in 
terms of 4J+6 which corresponds with allowed Raman transitions given by  the series (6, 
14, 22, 30, 38, 46, 54, …) Bc for even values of J, (10, 18, 26, 34, 42, 50, 58, …) Bc for 
odd values of J.  The relative ratio of the even over the odd can be understood as the 1∶3 
ratio of the nuclear spin statistics. 
 
Figure 4.12 Frequency spectrum of the time-dependent molecular alignment 
signal shown in Fig. 4.11 signal for C2H2. The number on each spectral peak 
shows the frequency in terms of 4J+6 which corresponds with allowed Raman 
transitions given by  the series (6, 14, 22, 30, 38, 46, 54, …) Bc for even values 
of J, (10, 18, 26, 34, 42, 50, 58, …) Bc for odd values of J.  The relative ratio 
of the even over the odd can be understood as the 1∶3 ratio of the nuclear spin 
statistics. 
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On the other hand, the CO molecule has nonidentical two nuclei. Because of this 
lack of symmetry, even and odd states in an ensemble of CO molecules are equally 
populated and the contributions come from even and odd rotational states completely 
cancel each other [78,89]. The main effect of this is that no quarter revivals appear in the 
time evolution of the alignment signal, as is shown in Figure 4.13. We observe only a half-
revival and a full revival as is in the calculated 2cos  parameter in Figure 4.13. 
Frequency spectrum of the time-dependent molecular alignment signal for CO is expected 
to have peaks showing the frequency 4J+6 as (6, 10, 14, 18, 22, 26, 30, 34, 38, 42, …) Bc 
for values of all J’s (Figure 4.14).   
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Figure 4.13 Molecular revivals of CO with initial temperature 300K. We use 
linearly polarized pump and probe pulses with peak intensities of 2x1013 W/cm2 
and 7.9x1013W/cm2, respectively. Red squares show experimental data and 
black circles present calculated <<cos2>> parameter. 
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4.4.1.1 Determination of molecular rotational constants 
We created fitting functions based on the Equation (2.30) of the alignment degree of the 
ensemble to determine the molecular rotational constants and revival times for each 
desired molecules. The determined molecular rotational constants and corresponding 
revival times for the selected molecules are presented in Table 2. 
Figure 4.14 Frequency spectrum of the time-dependent molecular alignment signal 
shown in Fig. 4.13 signal for CO. The number on each spectral peak shows the 
frequency in terms of 4J+6 which corresponds with allowed Raman transitions given 
by series (6, 10, 14, 18, 22, 26, 30, 34, 38, 42,…) Bc.  
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Table 2 Experimental and theoretical molecular rotational constants and corresponding 
molecular revival times [55,89-91] 
 
 
4.4.2 Molecular alignment by circularly polarized pump pulses 
We have also created rotational wave packets in a field-free condition using circularly 
polarized pump pulse for the linear molecules N2, O2, CO, and C2H2. To observe alignment 
signal, a delayed linearly polarized probe pulse was used to ionize the electrons in vacuum 
chamber. As we have explained in the Chapter II, in the case of dynamic alignment, 
aligning pulse gives a kick to the molecule, and applying a torque, rotate the molecular 
axis along the electric field polarization direction (xy) and then left the molecule by 
creating rotational wave packet in it.  Due to the nature of quantum revivals, molecular 
wave packet realigns periodically to the plane of polarization every full revival period of 
the molecule. 
  Rotational constants (cm−1) Full Revival times (ps) 
 Experimental  Theoretical Experimental Theoretical 
N2 1.9994±0.004 1.9896  8.342 8.383 
O2 1.4611±0.022 1.4297 11.415 11.666 
CO2 0.3971±0.018 0.3902 42.000 42.743 
CO 1.9393±0.004 1.9313 8.600 8.636 
C2H2  1.1801±0.003 1.1766 14.133 14.175 
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The degree of molecular alignment is expressed as the expectation value of 2cos ,  
2cos .  Theoretically, as we have already shown with the equations (2.23), (2.24), and 
(2.25); the matrix elements of 2cos   are the same for linearly and circularly polarized 
light. In addition, the Figure 4.15 shows simulation results that the alignment signal has 
reduced amplitude in the case of circularly polarized pump pulse in comparison to the 
linearly polarized pump pulse. Circularly polarized aligning (pump) pulse hits the 
molecules, first pulls the linear molecules into the polarization plane and this causes to 
decrease in the expectation value of alignment degree 2cos c at instant alignment 
[45].  
 
 
Figure 4.15 Calculated results of N2 with linearly and circularly polarized light  
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The comparison between theoretical 2cos c  and our experimental results are 
shown below for the molecules N2, O2, C2H2, and CO aligned by the circularly polarized 
pump pulse (Fig. 4.16-19). We measured photoelectron counts using variably delayed 
linearly polarized probe pulse.  The electron yield depends on the probability of the aligned 
molecules along the probe pulse which ionized the electrons.  
 
 
 
 
 
 
Figure 4.16 Molecular revivals of N2 with initial temperature 300K. We use circularly 
polarized pump pulse with peak intensity of 2x1013 W/cm2. Red squares show 
experimental results and black circles depict calculated <<cos2c>> 
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Figure 4.17 Molecular revivals of O2 with initial temperature 300K. We use 
circularly polarized pump pulse with peak intensity of 2x1013 W/cm2. Red squares 
show experimental results and black circles present calculated <<cos2c>> 
parameter. 
Figure 4.18 Molecular revivals of C2H2 with initial temperature 300K. We use 
circularly polarized pump pulse with peak intensity of 3x1013 W/cm2. Red squares 
show experimental data and black circles present calculated <<cos2c>> parameter 
   62 
 
 
 
 
 Conclusion 
The revival signatures of linear molecules N2, O2, CO2, CO, and C2H2 produced by linearly 
and/or circularly polarized pump pulse have been studied at a field-free alignment 
condition using detection of photoelectrons produced by a variably delayed probe pulse. 
Molecular dynamics of the linear molecules were studied by two different alignment 
conditions as linear and circular polarization and our experimental results were well fitted 
with the quantum mechanical calculations. Besides the measurement of the revival 
structures based on detection of photoelectrons, we also determined the molecular 
rotational constants by fitting our experimental values with our calculated results. The 
Figure 4.19 Molecular revivals of CO with initial temperature 300K. We use 
circularly polarized pump pulse with peak intensity of 3x1013 W/cm2. Red squares 
show experimental data and black circles present calculated <<cos2c>> parameter. 
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measured revival structures and the rotational constants inferred from the measured data 
are in good agreement with the calculated results. 
We have interpreted different wave packet evolutions of the linear molecules in 
terms of Highest Occupied Molecular Orbital (HOMO) and total nuclear spin of the 
molecule investigated. We observed strong alignment effects at multiples of / 2revT  and 
reduced amplitude signals (not completely suppressed) at odd multiples of / 4revT  due to 
the ratio of even:odd =2:1 for the spin-statistical factors of . In the case of O2 and CO2, 
since only odd and only even J states are relevant, respectively, we observed the strong 
alignment signals for O2 and CO2 at / 4revT  and 3 / 4revT  revivals. In the case of a molecule 
like CO containing nonidentical nuclei, there is no additional factor arising from the 
nuclear spin statistics. Thus, the revivals at odd multiples of / 4revT  are completely 
cancelled, whereas the revivals at multiples of / 2revT  remain. For the C2H2, the 
corresponding ratio 1:3 can be expected so the observed strong alignment effects were at 
multiples of / 2revT , and the reduced amplitude signals (not completely suppressed) were 
at odd multiples of / 4revT . 
HOMOs are the easiest place to donate electrons so we have to consider HOMO 
symmetry. Molecular ionization rate is supposed to be maximum when molecules are 
aligned along laser polarization direction for the molecules have maximum electron 
density along internuclear (molecular) axis such as nitrogen and carbonmonoxide due to 
g  and   HOMOs, respectively, since they have no nodal plane along internuclear axis 
and it makes possible to eject electrons easily. Our experimental results for N2 and CO 
2N
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show that ionization rate is minimum just prior to the full revivals of each; and then in a 
short time ionization rate is maximum. On the other hand, our experimental result for C2H2 
show that the ionization rate is maximum just prior to the full revival and then in a short 
time ionization rate is minimum which is opposite what we have observed for nitrogen 
and carbonmonoxide. Moreover, ionization rate dependency observed at the half revival 
is just reverse of what observed at the half revivals of nitrogen and carbonmonoxide. We 
can conclude that difference of the wave packet evolution is due to HOMO of acetylene 
which is u orbital. u  molecular orbitals have electron density surrounding the bond axis 
(increased electron density above/below internuclear axis), with a node along the 
internuclear axis. Then, we can conclude the reverse structure of C2H2 with respect to the 
signals observed for N2 and CO which have g  and   HOMOs. 
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5 CHAPTER V 
NONADIBATIC MOLECULAR ALIGNMENT MEASUREMENTS VIA WHITE-
LIGHT GENERATION: QUANTUM CARPET OF MOLECULAR ALIGNMENT 
 
The study presented in this chapter focuses on alignment of molecules by a short laser 
pulse and interaction of aligned molecules with filament. Initially, the topic will be given 
with the physics underlying the filamentation process. Then, we are going to detailed 
alignment-induced change of the refractive index. The experimental set up used will be 
presented to create laser-induced rotational wave packets in nitrogen and experimental 
procedure will be described to map the induced rotational wave packet as a function of the 
angular mismatch between polarization directions of femtosecond pump and probe pulses. 
The detailed experimental results will be compared with calculated results. 
 
 Introduction 
Atomic and molecular media exposed to an intense and short femtosecond pulse show 
highly nonlinear  dynamics leading to observations of phenomena such as high harmonic 
generation from filaments [92], long-range filament propagation [93], ultrashort pulse 
shaping and white-light generation [94,95], as well as wakes of molecular alignment [96]. 
The process of nonadiabatic molecular alignment occurs when a rotational wave packet is 
induced in non-symmetric molecules exposed to an ultrashort and intense laser pulse [72]. 
The nonlinear polarization exerted by a pump pulse yields an intensity-dependent 
refractive index and a transient birefringence as a result of the pulse interaction with a 
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molecular gas. Then a probe pulse propagates in the medium with properties that depend 
on the delay in the wake of the pump pulse. For certain conditions, the intense probe pulse 
can experience self-focusing and spatially collapse due to the dynamic Kerr effect. This 
collapse however stops when the intensity becomes high enough to generate free electrons 
and nonlinear losses tending to defocus the beam resulting in filamentary propagation 
[97]. The spatial and temporal characteristics of aligned molecules affect filamentation 
and white-light generation [98] so the latter process can be used as a probe to monitor the 
dynamics of molecular alignment. The studies of the molecular alignment in relation to 
filamentation have made progress in recent years [23,25,29,96,99-101]. It was shown that 
pre-aligned molecular gases can change the starting position of a filament [101] or 
increase the propagation distance of a filament [100]. The possibilities to control the length 
of two co-propagating filaments by creating molecular alignment [96] or a secondary 
filament emission, such as THz radiation [102,103]  and supercontinuum generation [104], 
also were shown. In addition, the effect of molecular alignment on pulse compression [94] 
and  its potential applications in attosecond physics were demonstrated [105,106].  
In this study, we have used a filament as a probe to determine molecular dynamics 
of a non-ionized aligned medium. The degree of molecular alignment affects 
characteristics of the filament. By measuring the white-light from undergoing 
filamentation of the incident probe pulse after the ultrashort pump pulse has induced an 
alignment in nitrogen gas, we measured the rotational wave packet evolution of the gas. 
Then, by changing the angle between polarizations of the pump pulse and the filament-
producing probe pulse and performing measurements for a range of pump-probe delays 
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around rotational revivals, we obtained a map of the rotational wave packet as a function 
of the polarization mismatch and delay between the pump and probe pulses, which is also 
known as a “quantum carpet” [107,108]. The experimental results from mapping 
rotational wave packets are compared with quantum mechanical calculations that follow 
Ref. [70]. 
 Physics of filamentation 
A medium experiences a spatiotemporal intensity dependent refractive index contribution 
due to the interaction with an intense electromagnetic field. Since the pulse shape is 
marked on the medium, considering a beam profile spatially and temporally Gaussian, the 
refractive index contribution is also Gaussian. The refractive index of the medium due to 
interaction with the laser beam is modulated as 
 
    0 2, ,n r t n n I r t   , (5.1) 
 
where 0n  and  2n  are linear and second order refractive indices, respectively;  and I is the 
intensity of propagating laser field. For most materials, the non-linear refractive index 2n  
provides a positive contribution to the refractive index of the medium. If the phase shift 
originating from Kerr effect compensates the phase shift due to beam divergence self-
focusing takes place. When the beam focuses, it triggers to increase of irradiance giving 
rise to stronger self-focusing. Once the ionization threshold is reached, it causes to 
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collapse of the material, leading to ionization.  For the initial collapse, the self-focusing 
length of the beam with a Gaussian distribution of intensity [109] is determined as 
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where P is the power of the beam and 0a  is the radius of the beam profile at the 1/e level 
of intensity. The self-focusing length,
sfL , changes with the beam radius, 0a , and the ratio 
of the peak power over the critical power for self-focusing, critP P . 
The critical power of self-focusing is 
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The generated plasma provides a negative focusing effect and the refractive index 
modification due to the plasma is [97] 
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n  is the plasma index of refraction,   is the electron density, e is the charge of an electron 
and em   is the mass of an electron,  0   is the permittivity of the vacuum, and 0  is the 
central angular frequency of the laser beam. The main ionization processes play a role in 
the filamentation are multiphoton and tunnel ionization as described in Chapter IV.   
The generation of plasma will defocus the laser beam and prevent from further 
self-focusing. The dynamic balance of the Kerr self-focusing and plasma defocusing 
clamps the maximum intensity (at a high intensity 13 25 10 W cm  ) in a filament [110], 
see Figure 5.1. 
Filamentation is a significantly nonlinear phenomenon and allows a variation of 
frequency generations to appear. Filamentation  makes broader the spectrum of the pulse 
through processes self-phase modulation, ionization, and self-steepening [97]. Self-phase 
modulation originates from the temporal Kerr effect of self-focusing. An ultrashort pulse 
travelling in a medium leads to the change of the refractive index of the medium due to 
the Kerr-effect and this refractive index modification changes the frequency spectrum of 
the pulse. The refractive index of the medium depends on the temporal and spatial profile 
of the pulse. While the leading edge of the pulse generates red frequencies, trailing edge 
of the pulse generates blue frequencies in a normal dispersion Kerr medium. The spectrum 
will be chirped and broadened for a transform limited pulse.  
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Additionally, the multiphoton ionization influences the spectrum of the 
filamenting beam showing spectrally blue shifting of the spectrum [111]. Another process 
changes the spectrum of the filamenting beam is self-steepening. Self-steepening or the 
change of the pulse shape is observed because of the Gaussian pulse peak slowing with 
respect to the group velocity.  This makes steeper the trailing edge of the pulse; enables 
the trailing edge of the pulse feel a stronger Kerr effect. Hence, it leads to generate blue 
frequencies more than red frequencies [112]. The nonlinear Kerr refraction index includes 
two components as the instantaneous electronic motion and nuclear/molecular response 
only for the molecules have anisotropic polarizability such as N2 [99].  
Briefly, filamentation is a nonlinear phenomenon depends on the linear and 
nonlinear refractive indices besides the induced ionization and the resulting plasma 
generation.  We are going to examine dynamics of non-adiabatic molecular alignment 
through the filamentation process in the next section. 
Figure 5.1 Filamentation dynamics. 
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 Description of an alignment-induced change of the refractive index 
Here the theory will be presented to understand how refractive index changes depends on 
molecular alignment. When molecules with anisotropic polarizability experience aligning 
(pump) pulse in a non-adiabatic alignment condition, the refractive index changes both 
spatially and temporally.  At first, we will describe change of refractive index considering 
the direction parallel to the field polarization. The dielectric response of gas molecules to 
the electric field applied is [113] 
 
  2 1 4n N t      , (5.5) 
 
where n is the refractive index, N is the number of molecules, and  t  is the time-
dependent ensemble average molecular polarizability along electric field of the laser. 
 t  is expressed as      · . ,i ij jt t e e t   ê ê  where ê and    are the electric 
field polarization and  the molecular polarizability tensor, respectively. Recall that the 
only nonvanishing components of polarizability tensor  are 
zz   and xx yy   
for a linear molecule, where the body-fixed z axis is selected along the molecular axis. We 
take the molecular symmetry along the z-axis, so the electric field of the laser can be 
considered as ˆ zˆ  x zE E E x  for a particular molecular orientation. In the space-fixed 
field, for an ensemble of molecular orientations  
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Then, it becomes  
 
    2 21 4 cosn t N t          , (5.7) 
 
where        and ˆ·z cos  ze  ê   is the cosine of the angle between the electric 
field and the molecular  axis (z). 
The molecular ensemble before the pump pulse arrived is averaged over the solid angle 
and given by the expression  
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Thus, linear refractive index is  
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Then, 
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Since  2 2 20 0n t n n , the index shift is given by 
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The degree of alignment of the ensemble at a rotational temperature T in thermal 
equilibrium  2cos t is written by averaging the degree of alignment of a single 
rotational state (2.27) over the Boltzmann distribution as  2cos t . Therefore, the 
nonadiabatic molecular alignment induces a periodic modulation of the change of 
refractive index of a gas along the polarization direction of the aligning pulse which is 
given by [21] 
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where   2cos ,r t  is the thermally averaged alignment expectation value as described 
in Eq.(2.30). 
On the other hand, the change in the refractive index considering the direction 
perpendicular to the field polarization is described by [114-116]  
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assuming that the plasma has inclination neither parallel nor perpendicular to the field 
polarization of the laser [117,118]. Then the resulting birefringence, the nonlinear 
refractive indices difference  , ,n r t can be expressed as [96,113,119] 
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i.e., the change of the refractive index is proportional to the deviation of the alignment 
degree from the isotropic one, which equals to 1/3. 
The self-phase modulation, arising from the intensity dependence of the refractive 
index, can cause a spectral broadening of the pulse and consequently the white-light 
generation. When an optical field experiences the self-induced intensity-dependent 
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nonlinear phase shift during its propagation in a Kerr medium, this phase shift is given by 
[120,121] 
 
     0NL t n t L c   , (5.15) 
 
where t is time delay between pump and probe pulses, n  is the change in the refractive 
index due to the electronic Kerr cross-phase modulation, the plasma formation, and the 
molecular alignment, 0  is the central angular frequency, L is the length of the Kerr 
medium, and c is the speed of light. Then, considering the polarization of the pump pulse 
is in the x direction and the propagation is in the z direction, for each polarization of the 
probe pulse, the modulation of the refractive index due to the electronic Kerr effect is 
given by the expression [120,122,123]  
 
  , 22 (t)Kerr x pumpn t n I    (5.16) 
and 
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The plasma contribution to the refractive index is given by [124] 
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where 0  ,  eN t , e , and em  are the central angular frequency of the laser, electron 
density, charge of an electron, and mass of an electron, respectively. The pump had 
intensity too low to produce a filament so the electronic Kerr effect and plasma formation 
have been neglected and we can only consider the refractive index changes caused by the 
molecular alignment. On the other hand, alignment produces a noticeable change in 
filament formation and white-light generation when the amplitude of the change of the 
refractive index due to alignment  ,alignn n t   r  produced by the pump beam becomes 
comparable to the refractive index change owing to the optical Kerr effect, 
2Kerr proben n I  , induced by the probe beam with intensity probeI . With 
19 2
2 2( ) 2.3 10 cm /Wn N
  and 
13 25 10 W/cm ,probeI    we obtain 
54.4 10n     for a 
typical gas pressure of 4 bar. A similar value of the magnitude of the refractive index 
variations due to alignment 
alignn  follows from calculations of the pump pulse with 
intensity 
13 210 W/cmpumpI  and duration 250 fs  , which fits well with experimental 
parameters. The additional contribution to the alignment, caused by the alignment, 
changes the self-focusing length: it decreases for alignment and increases for anti-
alignment, thus the dynamics of the rotational wave packet changes the filament formation 
and modulates the white-light generation.  
Note that nonlinear optical processes such as self-phase modulation (SPM) affects 
the temporal phase and causes some changes of the frequency spectrum of the laser pulse. 
The frequency shift due to SPM is given by  
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which corresponds to 
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in the wavelength domain, assuming the limit of small spectral shifts 0   [121]. As 
it is presented,  t  accounts only for the broadening due to modulation of the refractive 
index by the rotational wave packet evolution. Since the time scale of these changes is 
related to revivals, it is about 200fs and quite large. The steepening on the scale of an 
optical period (~2.6 fs) (self-phase modulation) can give larger changes of the wavelength. 
 Experimental procedures 
Our experiments were done with a Ti:sapphire amplified laser system which has a pulse 
duration of ~50 fs, central wavelength of 800 nm, and an output energy of 1 mJ per pulse 
at a 1 kHz repetition rate. A laser beam is split into two parts by a beam splitter (BS) to 
obtain the pump and probe pulses with a specific ratio of intensity between them as shown 
in Figure 5.2. The probe pulse is then delayed with a controllable delay line system. The 
   78 
 
delay time of the probe pulse with respect to the pump pulse was precisely adjusted using 
an optical variable time delay with a translational stage controlled by a stepping motor 
(GTS150, ESP301, Newport). We used a combination of beam polarizer and half or 
quarter wave plate for adjusting the intensity of the pump beam. When needed, it was used 
with a polarizer to set the beam power to be the same for all polarization angles. This was 
achieved by controlling two Picomotor rotary stages with a Picomotor drivers and adapters 
(New Focus, Model 8701). The two pulses with a relative delay were then recombined 
with another beam splitter, the pump pulse polarization could be rotated with respect to 
that of the pump pulse by an arbitrary angle  . Then, the recombined beams were focused 
using a focal length of f=60 cm lens into a sealed gas cell with 85 cm length, which was 
filled with 99.9995% purity N2 from Matheson TRIGAS to a maximum pressure of 4 atm, 
which was preceded by evacuating the gas cell down to 2x10-3 mbar. The pump pulse was 
adjusted to have an intensity too low to produce a filament but aligned the molecules so 
the electronic Kerr effect and the plasma can be negligible for pump pulse interaction with 
molecules in alignment purposes. The intensity of the probe pulse at the focus was set to 
13 25 10 W cm   (the dynamic balance of the Kerr self-focusing and plasma defocusing 
clamps the maximum intensity in a filament just at about the same value [110]) to observe 
and measure alignment produced by the probe pulse using white-light generation. By 
blocking the probe pulse, we made sure that no white-light is generated with pump pulse 
only. We compared theoretical calculations of nonadibatic alignment with experimental 
measurements of white-light production. We determined the acceptable experimental 
tolerances for the alignment dynamics in such a way that we saw it did not cause a 
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significant change in the outcomes by making small changes in pressure ± 0.1 bar and 
intensity of the alignment pulse ~20% difference in intensity. 
 
At the exit of the gas cell, the white-light signals, spectral profiles, and durations 
of the pulses were measured simultaneously by reflecting a small portion of the beam with 
a beam splitter positioned after the cell. In the spectral measurements, the radiation 
collected in an integration cavity was measured by an Ocean Optics USB-2000 
spectrometer. Simultaneously, power measurements were performed using a photodiode 
power meter head (Ophir PD300-UV) with a spectral range within 200-1100 nm. The 
pulse duration measurements were taken with the Grenouille (8-20, Swamp Optics). We 
automated the experiments using National Instruments (NI) DAQ PCI-MIO-16E-4 card, 
Figure 5.2  The schematic of the experimental setup. BS: beam-splitters, TS: 
translational stage, WP: wave plate, P: polarizer, M: flat mirrors, and FL: 
focusing lens. 
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NI BNC 2090 box and custom NI LabView programs. The Newport ESP301 (for pump-
probe delay) and a set of New Focus rotary stages with pico-drivers and adapters (the 
holder for waveplate and polarizer combination to rotate beam polarization and also set 
the beam power the same for all polarization angles), Ocean Optics USB2000, OPHIR 
NOVA II power meter, and the Grenouille (8-20, Swamp Optics) were automated by 
Labview sub-VI’s and incorporated into a Labview VI program that controlled the entire 
experiment and data collection.  The measured white-light was spectrally filtered to 
remove the IR radiation (>650nm) of the pump and probe beams (Figure 5.3). 
 
Figure 5.3 Optical filters selectively transmitted light having certain a 
particular range of wavelengths. 
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 Results and discussion 
5.5.1 Molecular alignment observation with parallel polarizations of pump and 
probe pulses 
Figure 5.4 shows the experimental molecular alignment results in nitrogen gas at 300K 
compared to the calculated alignment-induced change of the refractive index, 
2cos 1 3  . The alignment was monitored by measuring the power of white-light 
generated by the delayed probe pulse. When the probe pulse field polarization is oriented 
parallel with molecular axes (parallel molecular alignment) a positive change of the 
refractive index is induced. When the probe pulse field polarization is perpendicular to the 
axes of molecules (perpendicular molecular alignment) a negative change of the refractive 
index is created. Since the beam mode is close to Gaussian, it is expected that the 
alignment is stronger in the beam center. Since the beam mode is close to Gaussian, it is 
expected that the alignment is stronger in the beam center. Accordingly, at parallel 
molecular alignment revivals a spatial focusing of the probe beam was induced while for 
perpendicular molecular alignment revivals spatial defocusing took place.  Consequently, 
for additionally focused probe pulse, the peak intensity increased and self-focusing 
developed faster, which should result in enhancing the white-light generation while 
defocusing should result in a decrease of the white-light output. Indeed, we observed the 
enhancement of the white-light generation for molecular alignment parallel to the probe 
pulse polarization direction, while for the alignment perpendicular to the polarization 
direction the white-light generation was suppressed. 
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For interpretation of the results we will consider the total wave function of the 
linear molecule, which according to the Born-Oppenheimer approximation can be 
factorized tot el vib rot ns         ,  as a product of the electronic wave function el , 
the vibrational wave function vib , the rotational wave function rot
 , and the nuclear spin 
wave function
 ns
 , as discussed in Chapter II. According to the nuclear spin statistics of 
14N2, for this molecule the total wave function  is symmetric [12]. The electronic wave 
function of 14N, el
3( )
g

 , and the vibrational wave function, vib   corresponding to the 
 
Y
tot
Figure 5.4 Comparison of the temporal evolution of the theoretical nonlinear 
refractive index (black circles) and experimental measured white-light 
generation (red circles) in nitrogen gas at 300 K during molecular alignment 
with variation of the delay between the pump and probe pulses. We use a 
linearly polarized pump and probe pulses with peak intensities of 
2x1013W/cm2 and 5x1013W/cm2, respectively. 
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ground state are  also both symmetric [85]. Therefore, to understand 
rot  behavior, we 
should consider symmetric and antisymmetric forms of nuclear spin wave function ns  of 
the nitrogen molecule. For tot  to be symmetric both rot  and ns must be symmetric or 
antisymmetric. The nuclear spin of 14N is I=1 and the total nuclear spin of the molecule 
can take only values Itot=0, 1, or 2, and consequently N2 has even (Itot=0, 2) and odd (Itot 
=1) values. For a state with total nuclear spin Itot the degeneracy is 2 Itot +1, and then the 
statistical weights of even-N2 and odd-N2 are 6 and 3, respectively. Thus, the relative ratio 
of even-N2 versus odd-N2 is 2:1 [36]. Due to this ratio for even/odd states, the two opposed 
quarter revival signals do not completely cancel each other, however, the corresponding 
signals have reduced amplitudes in comparison to the signals at the full and half revival 
times, as is obtained in the experiment and quantum mechanical calculations (Figure 5.4).   
In Figure 5.5 we show the corresponding frequency spectrum of the time-
dependent molecular alignment signal obtained by the Fourier transform (FT) in the case 
of N2. The spectrum reveals two sequence as (6, 14, 22, 30, 38,…)Bc and (10, 18, 26, 34, 
42,…)Bc. Recall that the only nonzero matrix elements of 2cos   are ΔJ=0, ±2 and 
allowed Raman transitions satisfy the selection rule ΔJ=±2.  Because nuclear spin of 
nitrogen nucleus is 1, both even and odd rotational states are permitted for nitrogen 
molecule. Then, the sequence of spectral peaks can be calculated as  
2( ) / 2 (4 6)J JE E J Bc     as 6, 14, 22, 30, 38, … for even J’s and 10, 18, 26, 34, 42, 
… for odd J’s.  The observed larger amplitudes of the peaks seen in the frequency 
spectrum for the even J-states compared to the odd J-states qualitatively corresponds to 
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the ratio 2∶1 between the populations of the even and odd J-states following from the 
nuclear spin statistics  [36,49,86]. 
 
 
Simultaneously with the output power measurements of the white-light, we have 
also measured changes of the pulse duration of the probe pulse after it propagated through 
the gas cell, as shown in Figure 5.6. As presented in Figure 5.6, enhancement in 
filamentation causes a shortening of the pulse duration. At the minimum of the rotational 
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Figure 5.5 Frequency spectrum of the time-dependent white-light generation 
(alignment signal) shown in Fig. 5.4 for N2. The number on each spectral 
peak shows the frequency in terms of 4J+6 which corresponds with allowed 
Raman transitions given by the  series  (6, 14, 22, 30, 38, 46, 54, …) Bc for 
even values of J, (10, 18, 26, 34, 42, 50, 58, …) Bc for odd values of J. The 
peaks near zero are an artifact. 
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revivals, the pulse duration become becomes broadened due to the effect of chromatic 
dispersion in the gas on the propagating pulse. The measured average pulse duration 140fs 
substantially exceeding the initial 50fs pulse duration accounts for the dispersion in gas 
cell and the entrance and exit glass windows. Therefore, we correlated our pulse 
measurement with the self-induced intensity-dependent nonlinear phase shift 
   NL t n t   as a function of the delay time t between the pump and probe pulses. The 
pulse duration modifications were observed about 10fs  at the revival signatures of 
molecular alignment.  
 
 
Figure 5.6 Comparison of experimentally measured temporal evolution of the pulse 
duration (red circles) induced by molecular alignment evaluated by white-light signal 
measurement and corresponding pulse duration calculations (black circles) for 
different relative delays between the pump and probe pulses. 
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We also measured the spectral changes dependent on the revival events induced 
by molecular alignment and evaluated by filamentation signal measurement for different 
relative delays between the pump and probe pulses as seen in Figure 5.7. After the aligning 
pump pulse propagate in the air, the molecules in the air experience revival events 
periodically in the nonadiabatic alignment condition. The following pulse undergoes 
spectral broadening at the maxima of the rotational revivals of the molecules.  
 
So far we have considered that the polarizations of the pump and probe pulses are 
parallel. We have demonstrated that white-light generation reflects the processes of 
molecular alignment. The probe pulse propagating in the alignment wake of the pump 
pulse experiences variations of the refractive index and, as a result, its duration and 
spectrum are also modulated by revivals.   
Figure 5.7 Spectral changes dependent on the revival events induced by molecular 
alignment and evaluated by filamentation signal measurement for different 
relative delays between the pump and probe pulses. 
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5.5.2 Molecular alignment observation with arbitrary orientations of pump and 
probe polarizations 
In this section we will consider molecular alignment with arbitrary mutual orientation of 
polarizations of the pump and probe pulses. We may define the relative angle between the 
polarizations of pump and probe pulses,   , to lie in the xy plane (see Figure 5.8). The 
expectation value of the alignment [47] for an arbitrary angle  is given by 
 
    2 2 2 2
1 1
cos 3cos 1 cos sin
2 2
t         (5.21) 
where  2cos t  is the thermal averaging of the degree of alignment (see Eq. (2.30)) 
and    is the angle between molecular axis and polarization of the pump beam.  
Figure 5.8 A schematic diagram defining molecular axis,  is the angle 
between pump and probe polarization in xy plane. The fields are 
assumed to propagate along the z-axis. 
   88 
 
For the parallel polarization 0   we have  2 2cos cos t    and for the 
perpendicular polarization 90  ,  2 2
1
cos 1 cos ,
2
t    
 
 which has 
obviously opposite phase as a function of t  for the full revival of N2 as seen in Figure 5.9. 
  
Figure 5.9 Full revival of N2 for pump-probe polarizations parallel, α=0°, and 
perpendicular, α=90o. Red circles depict the measured white-light power, and the 
black solid line shows the calculated nonlinear refractive index change. The data was 
normalized to the magnitude of the parallel polarization signal. 
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Indeed, at 0  the full revival signal shows a minimum around 8.2ps (anti-alignment) 
and a maximum around 8.35ps (maximal alignment) while at 90   the full revival 
shows a maximum around 8.2ps (maximal alignment) and a minimum (anti-alignment) 
around 8.35ps. We can also see that the modulation depth for α=90o is smaller than the 
one for α=0°. In addition, the measured molecular alignment degree of the revival with 
perpendicular polarizations was about half of the one with parallel polarizations, which is 
consistent with the fact that 2 2cos 2 cos 1   . 
 
Figure 5.10  Experimental (top) and theoretical (bottom) quantum carpets of 
a rotational full revival around 8.3ps. 
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In order to investigate how the structure of the rotational full revival changes with 
polarization angle  , we ran the experiment for a series of pump-probe scans with 
different pump pulse polarization angles. The rotational wave packet evolution of the full 
revival was mapped for a range of pump-probe delays by rotating the pump pulse 
polarization with respect to the horizontally polarized probe pulse; the resulting structure 
is  the so-called “quantum carpet” [107]) shown in Figure 5.10. The theoretical results are 
calculated by using Eq.(5.21). As can be seen from the calculated quantum carpet in Figure 
5.10, there is an angle at which the expectation value of the alignment is the same for all 
delay times. This angle, as follows from Eq.(5.21), is given by 23cos 1 0c   , i.e. c
≈55°. We can see that this conclusion agrees well with our experimental data, given in 
Figure 5.10.  
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In Figure 5.11 we plotted the modulation amplitude A1 - A0, A2 - A0, and A1 - A2, 
where A1, A0, and A2 are the white-light signals measured at the alignment, at the random 
molecular orientations (no alignment), and at the anti-alignment, respectively, as shown 
in the inset of Figure 5.11. The modulation A1 - A2 reaches maxima for 
0 ,  180 , and 360  and reaches minima for 90  and 270  . Here, we can conclude 
that the  -dependent modulation shows the white-light radiation is enhanced at the 
alignment where molecules are parallel to the probe pulse field polarization and 
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Figure 5.11 The variations of Al - A0 (blue square), A2 - A0 (black square), and Al - A2 
(red square) as a function of  which is the angle between the pump and probe field 
directions around full revival for N2, where A1, A0, and A2 are determined  as shown in 
the inset, and the solid line stands for the variation of  Al -A2 which is calculated for the 
same conditions used in the experiment. The pump and probe peak intensities are 
2x1013W/cm2 and 5x1013W/cm2, respectively. 
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suppressed at the anti-alignment where molecules are perpendicular to the probe pulse 
field polarization. As follows from Figure 5.10 and Figure 5.11, the modulation phase is 
reversed at c ≈55°, where the white-light signal is independent of the time delay. We 
note that the existence of angle c , where the white-light signal is independent of the time 
delay,  is a specific signature for the σg symmetry of the active molecular orbitals of N2 
[47]. 
 
Figure. 5.12 The polar plots show alignment signals at delay times within the full revival 
as functions of the relative angle between pump and probe polarizations. Molecules are 
maximally anti-aligned (blue, showing negative change of the signal) around 8.15ps for 
and aligned around 8.35 ps (red, showing positive change of the signal) for 
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A polar plot presented in Figure. 5.12 shows how the molecular alignment changes 
at the maximal alignment delay (8.35ps) and anti-alignment delay (8.15ps) as the angle of 
the polarization of the pump pulse varied in experiment in respect to the polarization angle 
of the probe pulse that was fixed. The molecules are maximally anti-aligned along the 
polarization of the probe pulse for 90 ,270   simultaneously with the expected 
decrease of the refractive index around 8.15 ps, and they are maximally aligned along the 
polarization of the probe pulse for 0 ,180   where the refractive index increases around 
8.35 ps.  
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Figure 5.13 Experimental (top) and theoretical (bottom) quantum carpets of a 
rotational half revival around 4.1ps.  
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The series of plots presented in Figure 5.13 and Figure 5.15 shows similar results 
of rotational half revival and first quarter revival, respectively. For the half rotational 
revival, the molecules are aligned along the polarization of the probe pulse where the 
refractive index increases around 4 ps, and they are aligned perpendicular to this direction 
with a decrease of the refractive index around 4.15 ps as seen in Figure 5.14. However, at 
the half revival, the change of the alignment expectation comes with the opposite sign 
compared to the full revival. 
 
 
Figure 5.14 The polar plots show alignment signals at delay times within the 
half revival as functions of the relative angle between pump and probe 
polarizations. Molecules are maximally aligned (red) around 4 ps for  
and anti-aligned (blue) around 4.15ps for .  
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At quarter revival the phase in the rotational wave packet depends on the parity of 
J state. The even and odd states have their phases shifted by  , and therefore they interfere 
destructively. The relative ratio of the statistical weights of even-N2 versus odd-N2 states 
is 2:1. Because of this 2:1 ratio for even/odd states, their contributions do not cancel 
completely each other, however, the signal has a reduced amplitude in comparison to the 
signal at the full and half revivals, as is also observed in the experiment (Figure 5.15).  
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Figure 5.15 Experiment (top) and theory (bottom) of a rotational quarter revival 
around 2 ps. 
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The series of polar plots presented in Figure 5.16  shows how the molecular 
alignment changes with respect to the variable angle of the pump pulse around the first 
quarter revival. Due to the opposite contributions of the even and odd states they partially 
cancel each other, and therefore the molecular alignment signal is partially reduced 
compared to the full and half revivals. The molecules are maximally aligned along the 
polarization of the probe pulse with the simultaneous increase of the refractive index 
around 1.8 ps and 2.2ps for 0 ,180  , and maximally anti-aligned with a decrease of 
the refractive index around 2 ps for 90 ,270  . 
 
 
 
 
2 ps 
Figure 5.16  The polar plots show alignment signals within the first quarter revival. 
Molecules are aligned (red) around 1.8 ps and 2.2 ps for and anti-aligned 
(blue) around 2.0ps for . 
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 Conclusions 
As an effective approach with a simple set-up based on the interaction between a filament-
forming probe pulse and molecules pre-aligned by a pump pulse we implemented an 
experimental method to study field-free molecular alignment dynamics of nitrogen. The 
variations of the white-light generation were explained by the induced intensity-dependent 
variations of the refractive index. Theoretical calculations of nonadiabatic alignment 
agreed well with experimentally measured signals of white-light generation. Both results 
have shown agreement in the periods, shape and magnitude of the revival signals at full, 
half and quarter revivals of N2. The measurements and calculated results of molecular 
alignment were matched within the temporal error of the experimental conditions.  In 
addition, we mapped ultrafast rotational wave packets as a function of the delay and 
polarization angle between the pump and probe pulses (i.e. experimentally obtained 
“quantum carpet”) by using femtosecond white-light generation from filaments to directly 
reconstruct the molecular alignment revivals in nitrogen. The experimental results of 
mapping rotational wave packets were also compared with quantum mechanical 
calculations and the results indicate that the calculations describe all major experimentally 
observed features. 
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6 CHAPTER VI 
OVERALL CONCLUSIONS AND FUTURE PERSPECTIVES 
 
We proposed and investigated an alternative approach for the molecular alignment 
monitoring based on measurement of photoelectrons produced by a delayed femtosecond 
probe beam. The photoelectron yields created from aligned molecules by linearly and 
circularly polarized pump pulses as a function of the linearly polarized probe pulse delay 
were used to observe the molecular revival events of N2, O2, CO2, CO, and C2H2 gases. 
We also compared theoretical calculations of nonadiabatic alignment with experimental 
measurements. Additionally, by fitting the alignment theoretical model to measured data, 
we were able to obtain the rotational constants of these molecules observed for a linearly 
polarized pump pulse at field-free alignment condition. The rotational constants are in 
good agreement with the theoretical values. We show that creating and controlling 
molecular alignment with circular polarized laser pulses give us a new ability of field-free 
alignment of molecules outside of the polarization plane. We used the photoelectron 
measurement to study the alignment features but this technique can be used any specific 
probing method such as high harmonic generation, extreme ultraviolet transient 
absorption, or ultrafast x-ray diffraction with higher density gas sources [13,125,126]. 
When a filamenting probe pulse propagates through the molecules aligned by 
preceding pump pulse, it experiences a spatial refractive index variation and changes its 
spatial intensity distribution. This spatial variation is related with the degree of molecular 
alignment and can be used to reconstruct revivals of the molecular alignment. Therefore, 
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we implemented experimental method to study field-free molecular alignment dynamics 
of nitrogen based on the interaction between filament and pre-aligned molecules. We 
mapped ultrafast rotational wave packets (quantum carpet) as a function of the delay and 
polarization angle between the pump and probe pulses by using femtosecond white-light 
generation from filaments to directly reconstruct the molecular alignment revivals in 
nitrogen. Beyond understanding the dynamics of molecules interacting with ultrafast laser 
pulses, this idea can be applied to any process related with the molecular alignment. The 
results of the quantum carpet show that an ensemble of molecules at room temperature 
can be arranged into an ordered state by molecular alignment which provides fine 
spectroscopic accuracy. Besides, the technique of using a filament as a probe for molecular 
alignment we purposed is easy to implement in a typical ultrafast laser facility, it 
represents an important step to extend the experimental interest in other gases and also 
more complex systems, such as the organic molecules and for much shorter time scales, 
such as given by attosecond laser pulses. In addition we directly measured the variations 
of the femtosecond pulse duration that interacted with the aligned N2 molecules, which 
can be used for tailoring laser pulses and their filamentation.   
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